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Introduction
 The membrane-bound organelles of 
eukaryotic cells facilitate a diverse range of 
microenvironments within the cell, which 
has an enormous implication on the range of 
tasks that can be carried out. New proteins 
are produced in cytosol and on the membrane 
of the Endoplasmatic Reticulum (ER), gly-
cosylated in the ER and the Golgi complex, 
and at the same time proteins are degraded in 
the acidic environment of lysosomes. Main-
taining the endomembrane system is funda-
mental and failure to do so causes a number 
of human diseases like Alzheimer´s disease, 
cancer and Huntington´s disease (brieﬂy re-
viewed in (Howell et al., 2006; Olkkonen 
and Ikonen, 2006)). It is an enormous task 
for a cell to operate a healthy endomembrane 
system, and that is reﬂected through evolu-
tion where the transcendence from prokary-
ote to eukaryote cells is estimated to have 
taken twice as long as the transition from 
dead matter to life (Lopez-Garcia and Mor-
eira, 1999). 
 The eukaryotic cell comprises inter-
nal membranes that divide the cell into struc-
tural and functional compartments, called or-
ganelles. There are many organelles within 
the cell, and all perform their specialized 
tasks. Much of the internal membranes are 
organized into the endomembrane system, 
and important organelles within this system 
are the Nuclear envelope, ER, Golgi, endo-
somes and lysosomes. Another important 
member of the endomembrane system is the 
plasma membrane, which surrounds the cell, 
and deﬁnes the cell as a functional unit with-
in the organism, or as a single-cell structure 
like a protozoan.
 Between the endomembrane organ-
elles there is a dynamic ﬂux of membrane, 
and it is generally divided into the secretory 
and endocytic pathway. The secretory path-
way involves the transport from the ER to 
the Golgi, further through the cisternea of 
the Golgi, and from the Golgi to the plasma 
membrane. Much of the components that fol-
low this route are newly synthesized proteins 
and lipids, and therefore it is often referred 
to as the biosynthetic pathway. The endocyt-
ic pathway involves the transport from the 
plasma membrane to endosomes, and further 
to lysosomes. 
The endocytic pathway
 The endosomal system contains a 
dynamic network of organelles that includes 
early endosomes, recycling endosomes, late 
endosomes and lysosomes. They are multi 
copy organelles with a copy number rang-
ing from a few hundred and up to thousand 
copies (see PAPER I and (Steinman et al., 
1976)). These organelles differ in biochemi-
cal composition, cellular location and mor-
phology (Perret et al., 2005). They interact 
with the cytoskeleton, and both microtubule 
motors, dynein and kinesin, are involved 
(Soldati and Schliwa, 2006).
Compartments
An internalized molecule will ﬁrst appear in 
the early endosomes that are mostly located 
at the cell periphery. Reaching the early en-
dosomes, the molecule can be sorted into a 
pathway of recycling back to the cell sur-
face, or it can be directed toward later en-
docytic compartments for degradation (Gru-
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enberg and Maxﬁeld, 1995; Lemmon and 
Traub, 2000; Miaczynska and Zerial, 2002). 
Recycling endosomes have a pH around 6.5 
and contain proteins that are recycled to the 
cell surface, for example the transferrin re-
ceptor, and are positive for small GTP bind-
ing proteins Rab4 and Rab11 (Sonnichsen et 
al., 2000; Ullrich et al., 1996; Yamashiro et 
al., 1984). Early endosomes are positive for 
Rab5 (Chavrier et al., 1990) and early endo-
somal antigen 1 (EEA1) (Mu et al., 1995). 
Both Rab5 and EEA1 are cytosolic proteins 
that predominantly bind early endosomes, 
and they play an important role in the teth-
ering of adjacent endosomes prior to fusion. 
Early endosomes have a pH around 6.0 and 
contain material directed for late endosomes, 
for example internalized epidermal growth 
factor receptor (Renfrew and Hubbard, 
1991). In late endosomes, the concentra-
tion of membrane bound ATP-driven proton 
pump is higher than in early endosomes giv-
ing even more acidic environment (pH 5.0-
6.0) (Tycko et al., 1983). Lysosomes are the 
end point for many internalized components 
where they are ﬁnally degraded. Late endo-
somes and lysosomes are similar in many 
ways. They both have lysosomal glycopro-
teins on the membrane like, lysosome asso-
ciated membrane proteins (Lamp´s) and lys-
osome integral membrane proteins (Limp´s), 
and are concentrated in the perinuclear re-
gion (Eskelinen et al., 2003). However, there 
are differences that make late endosomes and 
lysosomes distinguishable. Late endosomes 
have rab7 and rab9 on the membrane (Feng 
et al., 1995; Lombardi et al., 1993), and 
have a high concentration of the mannose-6-
phosphate receptor (M6PR) (Grifﬁths et al., 
1988). Lysosomes do not contain rab7, rab9 
and M6PR, and are also slightly more acidic 
(pH 5.0-5.5) (for reviews see (Lemmon and 
Traub, 2000; Miaczynska and Zerial, 2002; 
Perret et al., 2005)).
Trafﬁcking
 There are several mechanisms for 
uptake from the plasma membrane and de-
livery to the endosomal system like, phago-
cytosis, pinocytosis, caveolae mediated en-
docytosis, and clathrin mediated endocytosis 
(CME) (for reviews see (Jones, 2007; Lajoie 
and Nabi, 2007; Rottner et al., 2005; Unge-
wickell and Hinrichsen, 2007)). The major 
pathway to selective internalization from the 
plasma membrane occurs through CME. The 
general concept for CME is that subunits of 
the adaptor protein 2 (AP-2) complex binds 
to Tyr-based and di-Leu motifs in the cyto-
plasmic tails of the plasma membrane re-
ceptor and recruit clathrin (Rapoport et al., 
1997; Rodionov and Bakke, 1998). Further, 
by the help of many accessory proteins, a 
basket-like structure is formed that pinches 
off the membrane to form a vesicle in cy-
tosol (Ungewickell and Hinrichsen, 2007). 
Lately there has been a discussion about the 
role of AP-2 in this process. The uptake of 
the transferrin receptor requires both AP-2 
and clathrin (Ohno et al., 1995; Owen and 
Evans, 1998). The uptake of the low-density 
lipoprotein receptor (LDLR) requires clath-
rin but not AP-2, and this is also suggested to 
be the case for the epidermal growth factor 
receptor (EGFR) (Motley et al., 2003). This 
open up the possibility for more specialized 
and tailored mechanisms for each given re-
ceptor (discussed in (Perret et al., 2005)).
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 Some newly produced proteins are 
directly transported from the biosynthetic 
pathway, from the trans-Golgi-network 
(TGN) to the endosomes. Acidic hydrolases 
are escorted to late endosomes and lyso-
somes by the M6PR, and in the late endo-
somes they dissociate from the receptor due 
to the acidic environment (Kornfeld, 1992; 
Kornfeld and Mellman, 1989). The transport 
out of the TGN for M6PR requires Clath-
rin, AP-1, GGA and ADP ribosylation factor 
binding protein (Bonifacino, 2004; Doray et 
al., 2002).  Another adaptor protein, AP-3, 
is also active in the transport from TGN to 
endosomes, and both Lamp-I and Limp-II 
interact with AP-3 on the way out from TGN 
(Chapuy et al., 2008; Honing et al., 1998; Le 
Borgne et al., 1998).
 How exactly the trafﬁcking along the 
endocytic pathway is organized has been the 
point of discussions for many years, and the 
picture is still not clear (Figure 1) (for dis-
cussions see (Gruenberg and Maxﬁeld, 1995; 
Luzio et al., 2007; Murphy, 1991; Rink et 
al., 2005; Vonderheit and Helenius, 2005)). 
In the vesicle shuttle model, the early endo-
somes are stable organelles that receive en-
docytosed vesicles or vesicles from the TGN 
by fusion. Transport vesicles are pinched off 
for the delivery of endosomal content to late 
endosomes. In this model, the endocytic or-
ganelles is proposed to be a pre-existing and 
stable organelle, in balance between incom-
ing and departing material. On the contrary, 
Plasma membrane
Endocytic vesicle
Early endosome
Late endosome
Lysosome
Maturation Vesicular Kiss-and-run Hybrid
Figure 1. Models of the endocytic pathway
It is not entirely clear how the trafﬁcking is organized in the endocytic pathway. In the vesicular model, the 
organelles are stable compartments in balance with incoming and departing membrane, and the trafﬁcking 
occur by vesicles pinching off the departing organelle and fuse with destination organelle. In the maturation 
model the early endosome gradually transforms into a late endosome and thereafter into a lysosome. In the 
“kiss-and-run” model the organelles transiently fuse and exchange components before they separate. One other 
alternative is the hybrid model where intermediate organelles are formed. The organelle identity is thereafter 
restored by selective retrieval of the organelle speciﬁc components. The idea of this ﬁgure is taken from (Luzio 
et al., 2007).
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the maturation model suggests that early en-
dosomes are formed by constant fusion of 
plasma membrane derived vesicles that grad-
ually acquire new properties resulting in the 
formation of early endosomes. The further 
transport to late endosomes and lysosomes 
is not mediated by vesicles pinching off the 
organelle, but rather like the whole volume 
of an early endosomes is transformed into 
a late endosome. One alternative to the tra-
ditional carrier vesicle is the “kiss-and-run” 
model where organelles transiently fuse 
(kiss), allowing exchange of content, before 
they separate (run) (Luzio et al., 2003; Luzio 
et al., 2000; Mullins and Bonifacino, 2001; 
Storrie and Desjardins, 1996). Another alter-
native is the formation of hybrid organelles 
where, for instance, a late endosome fuses 
with a lysosome to form an intermediate or-
ganelle. The lysosome is then reformed by 
a selective retrieval of the late endosomal 
and/or lysosomal components (Bright et al., 
2005; Pryor et al., 2000).
 In early endosomes, the proteins 
directed for degradation are often concen-
trated in areas where there are invaginations 
of membrane into the lumen (for reviews 
see (Gruenberg and Stenmark, 2004; Piper 
and Luzio, 2007)). These invaginations can 
pinch off from the membrane and form free 
intralumenal vesicles. This is seen more 
extensively in late endosomes, where the 
number of internal structures is higher than 
in early endosomes. This trend continues 
along the endocytic pathway, and lysosomes 
are completely packed with internal mem-
brane structures. One important signal that 
sends proteins to lysosomes for degradation 
is ubiquitin (Ub). The covalent attachment 
of Ub to proteins helps the cell to destroy 
damaged proteins. It also helps the cell to 
accurately regulate the amount of surface 
receptors at the plasma membrane. EGFR, 
platelete-derived growth factor receptor 
(PDGFR), and interleukin 1 receptor are ex-
amples of receptors that are ubiquitinylated 
and sorted into luminal structures to attenu-
ate their signal potential from their cytosolic 
tails. 
 There is a retrograde transport to the 
TGN from both early and late endosomes, 
and this pathway is important specially for 
the recycling of M6PR (Bonifacino and 
Hurley, 2008; Bonifacino and Rojas, 2006). 
One important complex in this process is 
the retromer, which contain cytosolic com-
ponents that are recruited to the endosomal 
membranes, and interacts with cargo and 
sorts it toward TGN (Seaman, 2007). This 
pathway is also used by protein toxins se-
creted by bacteria (for example shiga toxin, 
cholera toxin) and plants (for example ricin) 
to enter the cell (Sandvig and van Deurs, 
2005). 
 Some cell types have late endocytic 
compartments that can be secreted. In den-
dritic cells, late endocytic compartments 
are transported to, and fuse with the plasma 
membrane to present loaded MHC class II 
for activation of the adaptive immune re-
sponse (Chow et al., 2002). In cytotoxic T 
lymphocytes the lysosomes/secretory gran-
ules are secreted into the immunologic syn-
apse that is formed between the lymphocyte 
and the target cell. (Feldmann et al., 2003; 
Stinchcombe et al., 2001).
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Figure 2. Rab protein cycle, membrane recruitment and activation
GDP-bound and inactive Rab GTPases are associated to GDI, which mask the hydrophobic prenyl group of 
Rab and makes the complex cytosolic. Membrane attachment occurs through exposure of the prenyl group, 
a process the facilitated by GDF, which dissociated the Rab-GDI complex. GEF exchange GDP to GTP and 
activates Rab. This activation facilitates interaction with various effectors that are important for membrane 
trafﬁcking. GAP stimulates the hydrolysis of GTP to GDP, one process that inactivates Rab. Inactive and GDP 
bound Rab is escorted and recycled to cytosol by formation of the Rab-GDI complex. GDI, GDP-dissociation 
inhibitor; GDF, GDI-displacement factor; GEF, guanine nucleotide exchange factor; GAP, GTPase activating 
protein. Figure from (Grosshans et al., 2006).
Regulation of Rab proteins
 Rab proteins are a family of small 
monomeric GTPases that are involved in 
vesicular trafﬁcking (brieﬂy reviewed in 
(Goody et al., 2005; Grosshans et al., 2006; 
Pfeffer and Aivazian, 2004; Seabra and Was-
meier, 2004)). Their regulatory principle is 
the ability to cycle back and forth between 
GTP and GDP bound conﬁrmations (Fig-
ure 2). The Rab proteins are biological ac-
tive when bound to GTP, and inactive when 
bound to GDP. This switch is controlled by 
guanine nucleotide exchange factors (GEFs), 
that trigger the binding of GTP, and GTPase 
activating proteins (GAPs), that stimulate to 
hydrolysis of the bound GTP to GDP. In ad-
dition to the nucleotide cycling, Rab proteins 
also cycles between a membrane bound and 
a cytosolic state. The membrane insertion re-
quires a modiﬁcation of two C-terminal cys-
tines with isoprenyl lipid (geranylgeranyl) 
moieties (Kinsella and Maltese, 1992), and 
these are highly hydrophobic and are insert-
ed into the membrane. When the protein is 
released from the membrane a protein called 
GDP dissociation inhibitor (GDI) binds to 
the Rab protein and mask the hydropho-
bic part and makes it soluble (Garrett et al., 
1994; Rak et al., 2003; Shapiro and Pfeffer, 
1995; Shisheva et al., 1999). The membrane 
attachment requires GDI displacement factor 
(GDF), and at the same time the Rab protein 
is displaced from the GDI it is available for 
GEF stimulation and activation through GTP 
binding. When active, the protein can bind to 
effector proteins that can perform their func-
tion. 
 Rab5 is present and has its function 
on early endosomes and endocytic vesicles 
derived from the plasma membrane (Gorvel 
et al., 1991; Li et al., 1994; Rubino et al., 
2000; Sonnichsen et al., 2000; Trischler et 
al., 1999). The protein is activated by Ra-
bex5, which acts as a Rab5-GEF (Horiuchi 
et al., 1997). The GTP-bound Rab5 is then 
capable of binding various effectors, and one 
of them is Rabaptin5 (Rubino et al., 2000). 
Further, Rabaptin5 binds to Rabex5 and sta-
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bilizes the protein on the membrane, and this 
functions as a positive feedback where the 
GDP/GTP-exchange on Rab5 is increased 
(Zerial and McBride, 2001). One other 
Rab5-effector is the phosphatidyinositol (Pt-
dIns) kinase, VPS34/p150, which catalyze 
the phosphorylation of phosphoinositide (PI) 
to phosphatidyinositol-3-phosphate (PtdIn-
s3P) (Christoforidis et al., 1999; Siddhanta 
et al., 1998). The recruitment of this kinase 
gives an enrichment of PtdIns3P on early en-
dosomes (Gillooly et al., 2000).
 The trafﬁcking in the endocytic 
pathway is a highly dynamic event where 
the early endosome is a place for sorting. 
In this compartment, lipids, membrane pro-
teins and cargo are sorted to destinations 
like the Golgi, recycling of components to 
the plasma membrane, and for degradation 
toward late endosomes and lysosomes. De-
spite this continuous ﬂux, the early endo-
some itself maintain its characteristics and 
do not mix with other organelles. In the step 
from early to late endosomes it is shown 
that one early endosome gradually looses its 
Rab5-GFP tagged coat and coincident with 
this loss, Rab7-RFP is recruited to this same 
endosome. This maturation from an early to 
late endosome seems to be a result of a Rab 
cascade (Rink et al., 2005). One member of 
the VPS/HOPS complex, Vps11, is a Rab5 
effector (Caplan et al., 2001; Christoforidis 
et al., 1999; Kim et al., 2001; Richardson et 
al., 2004; Rieder and Emr, 1997; Rink et al., 
2005; Seals et al., 2000). One other member 
of this complex, Vps39, is a Rab7-GEF (Rink 
et al., 2005; Wurmser et al., 2000). It is also 
suggested that the complex also contain one 
Rab5-GAP, however, that is only so far spec-
ulations (Rink et al., 2005). There are two 
described proteins that show Rab5-GAP ac-
tivity, RabGAP-5 and RN-tre. Both proteins 
act as important regulators in membrane traf-
ﬁcking by deactivating Rab5; however, they 
act in different locations in the cell. RN-tre 
is suggested to be important for macropino-
cytosis and act on macropinosomes, whereas 
RabGAP-5 has its activity in the traditional 
degradative pathway (Haas et al., 2005; Pfef-
fer, 2005; Pfeffer and Aivazian, 2004).
Tethering by EEA1
 EEA1 is a cytosolic 162 kD protein, 
which is predominantly localized to early 
endosomes. It displays homology to myosin 
heavy chain in most of its length, which is 
predicted to be α-helical and form a coiled-
coil structure (Figure 3) (Mu et al., 1995). In 
addition, EEA1 has a calmodulin binding IQ 
motif at the C-terminus and zinc ﬁngers at 
both ends. The N-terminal zinc ﬁnger is of a 
C2H2 type and has been found in many nu-
cleic acid binding proteins. The C-terminus 
contains two zinc ﬁngers that contain eight 
cystines which is called a FYVE domain, 
named after four proteins (Fab1, YOTB, 
Vac1 and EEA1) that all contain this domain 
(Stenmark et al., 1996). The FYVE domain 
binds speciﬁcally to the lipid, phosphati-
dyinositol-3-phosphate (PtdIns3P) (Gaullier 
et al., 1998). EEA1 also contains two bind-
ing sites for Rab5, one at the N-terminus and 
one at the C-terminus, close to the FYVE-
domain (Callaghan et al., 1999a; Lawe et al., 
2002; Simonsen et al., 1998). EEA1 is found 
to operate as an anti-parallel dimer and the 
important area for the dimerization are inter-
actions through the coiled-coil region. This 
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rod-like molecule allows interactions with 
Rab5 and PtdIns3P from one end of the dim-
er and Rab5 interactions only at the other end 
(Callaghan et al., 1999b). EEA1 is important 
for endosome fusion, and it is suggested to 
facilitate tethering between early endosomes 
and cause homotypic fusion where both of 
the endosomes contain Rab5 and PtdIns3P. 
The bipolar organization of EEA1 also al-
lows tethering with one membrane that con-
tain both Rab5 and PtdIns3P, and another 
membrane that contain Rab5 and no PtdIn-
s3P, and this situation is relevant when small 
vesicles from the plasma membrane are 
fusing with early endosomes (Callaghan et 
al., 1999a; Callaghan et al., 1999b; Gaullier 
et al., 1998; Lawe et al., 2002; Mills et al., 
2001; Simonsen et al., 1998). 
Docking by SNAREs
 The downstream event after tethering 
and before fusion is the docking, a process 
that is facilitated by the SNARE (soluble N-
ethylmaleimide-sensitive factor attachment 
protein receptor) proteins (Hu et al., 2003; 
McNew et al., 2000; Sollner et al., 1993). 
They can be classiﬁed into v-SNAREs that 
are associated with vesicle and t-SNAREs 
that are associated with the target compart-
ment. The v-SNAREs usually consist of a 
transmembrane domain and a single SNARE 
motif. The t-SNAREs are more complex and 
consist usually of two or three polypeptides 
(Fukuda et al., 2000). They contain normally 
a member of the syntaxin (Syn) subfamily 
that are transmembrane and has one SNARE 
motif. Syn can form a complex with SNAP-
25, which is a cytosolic protein that contains 
two SNARE domains. Instead of SNAP-25, 
Syn can interact with two smaller proteins, 
where one share homology to the C-terminal 
part and the other share homology to the N-
terminal part of SNAP-25. All together, both 
in the dimer and the trimer there are three 
SNARE domains (Antonin et al., 2002; Sut-
ton et al., 1998; Weber et al., 1998) (and for 
a review see (Hong, 2005)). 
 The mode of action for SNARE pro-
teins is outlined in Figure 4, and also thor-
oughly reviewed in (Hong, 2005). The v-
SNARE is ﬁrst sorted together with cargo 
proteins from the donor compartment into a 
vesicle and destined toward the target com-
partment. The tethering event between the 
vesicle and target compartment allows the v-
SNAREs to be positioned in a region where 
the corresponding t-SNAREs are located. 
For early endosomes the tethering distance 
between two membranes is found by elec-
tron microscopy (EM) to be around 75-150 
nm (Orci et al., 1998), and this is consistent 
with the measured length for EEA1 found by 
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Figure 3. Bipolar organization of EEA1
Model presenting EEA1 organization as a parallel dimer. Figure from (Callaghan et al., 1999b).
ultrastructual analysis (Dumas et al., 2001; 
Wilson et al., 2000). In addition it is also 
suggested that EEA1 can bring the mem-
branes even closer through a change in con-
formation by binding of calmodulin in the IQ 
domain (Colombo et al., 1997; Mills et al., 
2001; Zerial and McBride, 2001). This close 
distance allows short range docking where 
the v-SNARE interacts with the t-SNARE 
and they make a trans-SNARE complex 
(Chen and Scheller, 2001; Jahn et al., 2003; 
Rothman, 2002; Sudhof, 2004). The inter-
active forces between the two SNAREs are 
so strong that energy barrier made by the 
negatively charged lipids in the membrane 
is overcome, and the trans-SNARE complex 
thus catalyze the fusion of the two adjacent 
membranes. After fusion, the complex be-
comes a cis-SNARE complex in the target 
membrane. To be ready for the next round of 
transport, the cis-SNARE must disassemble 
and this is catalyzed by the combined action 
of the ATPase α-SNAP (soluble N-etylma-
leimide-sensitive factor attachment protein) 
and NSF (N-etylmaleimide-sensitive factor). 
After disassembly the v-SNARE is recycled 
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trans-SNARE complexcis-SNARE complex
Donor compartment
Target compartment
Recycling of v-SNARE
NSF and α-SNAP
Fusion
Formation of
t-SNARE
trans-SNARE complex assemblycis-SNARE complex disassembly
Vesicle formation
Tethering factors
Figure 4. Action of SNARE proteins
The v-SNARE follows the vesicle from donor compartment and interacts with t-SNARE at the target com-
partment. A trans-SNARE complex is formed, which brings the opposing membranes to fusion proximity. A 
cis-SNARE complex is then formed where both t- and v-SNAREs are in the same membrane. The dissociation 
of the complex is catalyzed by α-SNAP and NSF, and thereafter the v-SNARE recycles back to donor compart-
ment. The idea of this ﬁgure is taken from (Hong, 2005).
back to the donor compartment (Hong, 2005; 
Zhao et al., 2007).
 EEA1 interacts with Syn6 and 13, 
and both these SNAREs are found on ear-
ly endosomes (Hong, 2005; McBride et al., 
1999; Simonsen et al., 1999). The interaction 
between Syn6 and EEA1 is not clear, how-
ever the interaction with Syn13 is required 
for fusion (Hong, 2005; McBride et al., 
1999; Zerial and McBride, 2001). In sum-
mary, EEA1 act as a fusogenic molecule in 
several aspects, by bringing the endosomal 
membranes in so close proximity to allow 
the formation of the trans-SNARE complex 
and also by recruiting members of the Syn-
family.
Interactions with the cytoskeleton
 To maintain an operative and func-
tional endocytic pathway, it is necessary to 
interact with the actin and tubulin cytoskel-
eton. The formation of vesicles and delivery 
to their target membrane are dependent on 
forces generated by actin and microtubule-
dependent motors (for reviews see (Girao et 
al., 2008; Soldati and Schliwa, 2006)). One 
example is the Myosin VI motor that trafﬁcs 
the clathrin-coated vesicles through the actin 
network underneath the plasma membrane 
(Aschenbrenner et al., 2004). Other exam-
ples are motor proteins that do cargo sorting 
through membrane tubulation, ﬁssion, and 
intracellular positioning (Goldstein, 2001; 
Goodson et al., 1997). Endosomes and en-
dosomal vesicles exhibit both short and 
long-range movements with a wide range of 
velocities (Gasman et al., 2003; Nielsen et 
al., 1999; Valetti et al., 1999). In model cells, 
like MDCK, early endosomes are typically 
spread out in the cytoplasm, whereas the late 
endosomes and lysosomes are located more 
close to the nucleus (Gruenberg and Max-
ﬁeld, 1995) (also observed in PAPER I, II, 
III).
 There are two known families of 
microtubule-interacting motor proteins act-
ing on endosomes, dyneins and kinesins (for 
reviews (Hirokawa, 1998; Soldati and Sch-
liwa, 2006; Vale, 2003)). Most of the kinesin 
motors move along microtubules in a plus-
end direction toward the cell periphery. They 
consist of a light chain and a heavy chain, 
where the heavy chain in most occasions has 
three sub domains: the globular motor head, 
a stalk, and a tail domain. The stalk and the 
tail domains show selectivity to which car-
go they bind, and they also have a regula-
tory role on the motor unit (Lee et al., 2004; 
Seiler et al., 2000; Verhey et al., 1998). Dy-
nein motors transport cargo in a minus-end 
direction toward the Microtubule Organizing 
Centre (MTOC) (Paschal and Vallee, 1987; 
Schnapp and Reese, 1989; Schroer et al., 
1989). They have a quite complex compo-
sition and consist of two heavy chains, and 
several subunits like intermediate chains and 
light chains. The heavy chains form the mo-
tor unit while the accessory proteins display 
the cargo selectivity (Vallee et al., 2004). The 
Dynactin is one important activator protein 
that interacts with the intermediate chains 
and can link up with several types of cargo 
(Karki and Holzbaur, 1995; Schroer, 2004; 
Vaughan and Vallee, 1995). Both plus-end 
and minus-end directed motors can be found 
on the same cargo (Gross et al., 2002; Kural 
et al., 2005; Rogers et al., 1997), and it is 
shown that endosomes and lysosomes can 
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move in a bidirectional manner (Blocker et 
al., 1997; Wubbolts et al., 1999). 
 In the endocytic pathway, Rab pro-
teins are important regulators of both kine-
sins and dyneins (for a review see (Jordens 
et al., 2005)). Rab4 binds to the kinesin 
KIF3M, and this interaction is important 
for exocytosis in the recycling process from 
early endosomes to the plasma membrane 
(Imamura et al., 2003; Reilein et al., 1998). 
Rab5 is shown to be an important upstream 
regulator of the kinesin KIF16B, through its 
effector, the PI-kinase, VPS34/p150. This 
kinesin contain PtdIns3P speciﬁc PhoX ho-
mology (PX) domain that has shown to be 
important for the recruitment of this motor 
protein to early endosomes (Hoepfner et al., 
2005). 
The cell cycle
 Between formation and division a 
cell normally undergoes four phases, called 
the cell cycle: G1 phase (growth phase), S 
phase (DNA replication), G2 phase (growth 
phase) and M phase (mitosis) (for reviews 
see (Fukasawa, 2007; Schmit and Ahmad, 
2007)). A cell proceeding through cell cycle 
is a well-regulated event, and it has to fulﬁll 
many qualiﬁcations on its way. The cell will 
not enter S phase and start the DNA replica-
tion unless the environment has the required 
growth factors. In G2 the cell will stop pro-
ceeding if the DNA replication is unsuccess-
ful, if the cell size is to small, or if the envi-
ronment is absent of the right growth factors. 
In this way the cell controls itself to check if it 
is competent of fulﬁlling mitosis. The cyclin 
dependent kinase complexes (Cdk-cyclins) 
have an important role in this process. They 
are responding on varieties of changes a cell 
undergoes, and put it into cellular action. In 
most eukaryotic cells there are four classes 
of cyclins and they are deﬁned by the stage 
in the cell cycle where they bind Cdks and 
have their function. Cyclin D binds Cdk4 or 
Cdk6 at the start of G1 and helps to promote 
the passage through start or the restriction 
point in late G1. At the end of G1 phase, cy-
clin E binds to Cdk2 and assign the cell to 
DNA replication. During S-phase cyclin A 
interacts with Cdk2 and this is required for 
the initiation of DNA replication. For entry 
and completion of mitosis activation of the 
complex cyclin B-Cdk1 is required (in verte-
brates Cdk1 is also called cdc2).
 In most vertebrate cells, mitosis is di-
vided into six stages that follow each other in 
a more or less strict order. The stages are de-
ﬁned out of events that are possible to study 
in a light microscope, and this has fascinated 
scientists for more than a century (Wilson, 
1896). When leaving G2 and entering mito-
sis, the cell ﬁrst enters prophase. The chro-
matin, which is diffuse in interphase, starts 
to condense into well-deﬁned and distinct 
chromosomes. In prophase, the interphase 
microtubules start to disassemble, the cen-
trosomes separate and are positioned on op-
posite sides of the nucleus. Mitotic spindle 
starts to form. Entry into prometaphase is 
accompanied by nuclear envelope break-
down. The mitotic spindle is able to enter 
the previous nucleoplasmic area and link up 
with the kinetochores. With the movement of 
the chromosomes into the metaphase plate, 
the cell enters metaphase. The entry into 
anaphase is accompanied by a synchronous 
separation of the sister chromatides that are 
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pulled toward the spindle pole they are fac-
ing. When the nuclear envelopes start to form, 
the cell enters telophase. The cytokinesis is 
the mechanism that physically divides the 
mother cell into the two daughter cells. This 
process starts during anaphase and ends with 
the completion of mitosis (Blow and Tanaka, 
2005; Gadde and Heald, 2004; Walczak and 
Heald, 2008). 
Inheritance and biogenesis 
of organelles
 The eukaryotic life expands through 
growth and division. During division, the 
daughter cell receives cellular components 
that are required for proper function, and be-
fore the next division the daughter cell needs 
to grow and double its biomass to main-
tain the cellular size through generations. 
The inheritance of DNA is taken care of in 
S-phase of the cell cycle, where it is repli-
cated, and further during mitosis where the 
daughter cells receive an exact copy of the 
mother cell´s chromosomes. Failure in this 
process might be fatal and cause death, un-
controlled cell division or cancer. Therefore, 
the segregation of chromosomes is a strict-
ly controlled process (Fukasawa, 2007). A 
daughter cell must, however, receive more 
than chromosomes to start up its biological 
tasks. Only minutes after the cell division, 
proteins are synthesized in the ER, modiﬁed 
in the Golgi complex and transported to their 
right destinations. As for DNA, organelles 
grow and replicate through cell cycles (bio-
genesis), and are partitioned to the daughter 
cells during mitosis (Lowe and Barr, 2007; 
Warren and Wickner, 1996). 
 There are some ways one organelle 
can be replicated. One solution is de novo 
synthesis, which means that the cell is capa-
ble of producing one new organelle with no 
information in form of a template or a copy 
of the organelle (Figure 5A). It has been 
demonstrated that a daughter cell can build 
a functional Golgi without having received 
one from the mother cell (Zorn et al., 1979). 
However, the rebuilding process in this case 
was very slow, and de novo biogenesis of or-
ganelles alone is not typical. In most known 
cases, the organelles grow by proliferation 
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A) de novo nucleation/growth
B) Template assembly/growth
C) Growth/Fission
Figure 5. Models for the biogenesis of organelles
A cell can replicate its organelles through a de novo synthesis where there is no information in for of a template 
or a copy of the organelle (a). Another strategy is replication of organelles through growth from one already 
existing organelle, either through template growth (b), or growth and ﬁssion (c). Figure taken from (Lowe and 
Barr, 2007).
from preexisting organelles, either by tem-
plate growth where the new organelle is 
formed alongside the mother organelle and 
buds off (Figure 5B), or the organelle can 
grow in size be divided by ﬁssion (Figure 
5C) (Lowe, 2002; Lowe and Barr, 2007; 
Nunnari and Walter, 1996; Shorter and War-
ren, 2002). 
Distribution of organelles 
from mother cell to daugh-
ter cells
 The distribution of organelles and 
other cellular components into the two daugh-
ter cells can be divided into two inheritance 
strategies, either by a stochastic or by an or-
dered manner (Birky, 1983; Lowe and Barr, 
2007; Warren and Wickner, 1996). An organ-
elle or cellular component is stochastically 
distributed if it is freely dispersed through-
out the mitotic cytoplasm. The outcome of 
such a distribution cannot be predicted with 
any certainty. However, by observing a large 
number of cell divisions, it may be possible 
to ﬁnd a partitioning pattern, and mathemati-
cally calculate the probability of distribution 
(Figure 6A-C). Examples of stochastic dis-
tribution are the partitioning of chloroplasts 
and mitochondria. In most cells they are 
multiple copy organelles with a random dis-
persion in cytosol (Birky, 1983; Hennis and 
Birky, 1984; Warren and Wickner, 1996).
 The second partitioning strategy is 
when organelles and cellular components are 
distributed to the daughter cell in an ordered 
manner. An ordered manner means a way 
of partitioning that is not stochastic (Fig-
ure 6D). This way of partitioning is caused 
by elements avoiding a random dispersion 
throughout mitotic cytoplasm. One example 
of ordered partitioning is the distribution of 
sister chromatides.
 Two factors seem to have a restrictive 
inﬂuence on movements of organelles and 
cellular components in mitotic cytoplasm 
(Birky, 1983). First, the size and volume of 
the organelle may inﬂuence the way an or-
ganelle moves and is positioned. For small 
organelles this effect is negligible. Space 
limitation may, however, come into play for 
big organelles determining how many organ-
elles that can be present at one side of a future 
division plane. For example, in Saccharomy-
ces cerevisiae there is 1-50 mitochondria that 
occupies 3-14% of the cytoplasmic volume, 
and it is possible that organelles are inhibited 
from moving freely around (Birky, 1983; 
Grimes et al., 1974). Second, direct pro-
tein interaction between organelles/cellular 
components and the cytoskeleton prevent a 
free dispersion in mitotic cytoplasm. Protein 
motors (myosin, dynein, kinesin) provide in 
addition movement along the cytoskeletal 
structures, and allows organelles or cellular 
structures to be pulled or pushed around in 
the cytoplasm. 
 The segregation of chromosomes 
shows a distribution that diverges with high 
degree from a binomial partitioning giving 
an ordered pattern (Hirano, 2000). Another 
example is the partitioning of vacuoles in 
budding yeast where the vacuoles are more 
or less dragged into the new budding cell 
(Weisman et al., 1987). One inheritance 
strategy does not necessarily exclude the 
other. Both strategies can be used on the 
same organelle. The average number of mi-
tochondria in scorpion spermatocyte is 24. 
16
After completion of two meiotic divisions, 
70% of the cells contain 6 mitocondria, and 
30% contain 5 or 7 mitochondria. This is too 
accurate to be stochastic and too imprecise to 
be ordered (Birky, 1983).
The endomembrane system 
in mitosis
Disassembly and reassembly of the 
Nuclear Envelope and the Endo-
plasmatic Reticulum
 ER is a multifunctional organelle that 
contains a membrane-enclosed network that 
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Figure 6. Ordered and stochastic partitioning
If a distribution is stochastic, and the size of the two daughter cells is equal, it is reasonable to expect a prob-
ability (p) of 0.5 of going to each cell. Based on this assumption, the partitioning will follow a binomial distri-
bution. The probability (P) that a daughter cell receives r organelles is described in (Birky, 1983) and presented 
in (a), where the mother cell has N organelles, and the two daughter cells receive r and N-r organelles. If a 
mother cell has four organelles that are stochastically distributed, one can calculate the probability (P) of re-
ceiving a given number of organelles (b). The number of organelles in a cell can sometimes be more than four 
and this is exempliﬁed in (c) where the mother cell has 100 copies of one cellular component and P (y-axis) is 
plotted against r (x-axis). If organelles or cellular components undergo an ordered partitioning this is a way of 
partitioning that deviates from the described binomial distribution. One example is when a mother cell has four 
organelles and the daughter cells always receive two (d). 
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is spread out in cytosol (For a comprehen-
sive review see (Hetzer et al., 2005)). This 
network consists of areas with ribosomes 
(rough ER), and areas without ribosomes 
(smooth ER). In ER, proteins are translocat-
ed across the membrane and they are folded 
and modiﬁed before they enter the secretory 
pathway. In addition ER also plays an impor-
tant role in regulation of the cytosolic level 
of Ca2+, signaling and lipid synthesis. The 
nuclear envelope (NE) is continuous with 
ER and is often considered as one single 
organelle. The NE consists of three distinct 
but interconnected domains: outer, pore and 
inner membrane. The inner membrane is as-
sociated with nuclear lamina and chroma-
tin. The pore membranes connect the inner 
and outer membrane domains at numerous 
points and are associated with the nuclear 
pore complexes (NPC). The outer membrane 
is continuous with ER. 
 In higher eukaryotes, during pro-
phase, the nuclear lamina depolymerise, 
NPC components disperse into subunits, and 
the inner membrane no longer associates 
with the chromosomes (reviewed in (Hetzer 
et al., 2005)). The fate of ER and NE seem to 
vary among cell types and experimental ap-
proach. Based on partly contradictory results 
from different research groups, two models 
about what is actually happening during this 
process has been proposed (reviewed in (Du 
et al., 2004)). In the ﬁrst model both ER and 
NE undergoes a progressive fragmentation, 
and small vesicles scatter throughout cyto-
plasm (Robbins and Gonatas, 1964; Tamaki 
and Yamashina, 1991; Zeligs and Wollman, 
1979). This fragmentation allows a free dif-
fusion in mitotic cytosol, and a stochastic par-
titioning of the organelle has been suggested 
(Warren, 1993; Warren and Wickner, 1996). 
In the second model, all membrane proteins 
become freely diffusible after the breakdown 
of NPC and loss of chromosome association. 
The specialized sub domains of the organ-
elle fade and NE/ER resident proteins are 
homogenized in a mitotic network prior to 
division (Ellenberg et al., 1997; Koch et al., 
1987a; Pecot and Malhotra, 2004; Puhka et 
al., 2007; Yang et al., 1997). Several groups 
have reported an accumulation of ER at the 
mitotic poles (Bobinnec et al., 2003; Henson 
et al., 1989; Terasaki, 2000), and there are 
some reports showing that interaction with 
microtubule is involved in the partitioning 
in mammalian cells (Beaudouin et al., 2002; 
Salina et al., 2002). For both models, dur-
ing telophase, membranes containing inner 
nuclear components connect with the chro-
mosomes, and a new nucleus is formed in the 
two daughter cells, and this is further con-
tinued with the rebuilding of the NPC. Short 
time after the cytokinesis the characteristic 
interphase NE and ER is reformed (Burke 
and Ellenberg, 2002; Ellenberg et al., 1997; 
Hetzer et al., 2005; Yang et al., 1997).
 The inheritance of the NE and ER 
vary among spices. Budding yeasts have a 
closed mitosis where the NE does not break 
down. Mitotic spindle is formed inside the 
nucleus and the outcome is that both NE and 
ER are distributed to the new budding cell 
through interaction with the astral microtu-
bules (Huffaker et al., 1988; Jacobs et al., 
1988; Preuss et al., 1991). Both ER and NE 
are dragged into the new cell, and represent 
an ordered inheritance strategy (reviewed in 
(Lowe and Barr, 2007; Warren and Wickner, 
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1996)).
Periodic fragmentation of the Golgi 
Complex
 In higher eukaryotes, the Golgi Com-
plex is a single cellular organelle consisting 
of ﬂatten polarized cisternae compactly ar-
ranged in a parallel formed stack from cis to 
trans (for a review see (Marsh and Howell, 
2002)). It has a juxta-nuclear orientation and 
it plays an essential role in secretory traf-
ﬁc, lipid biosynthesis, protein modiﬁcation, 
sorting and transport of proteins. In mamma-
lian cells, the stacks are connected laterally 
by tubules, and it is reported that up to 100 
stacks can be connected by tubular bridges 
that is called the Golgi ribbon. The organelle 
has a dynamic structure with high degree of 
transport between the stacks.
 During G2-phase the Golgi ribbon 
fragments and give rise to isolated Golgi 
stacks (Colanzi et al., 2007; Feinstein and 
Linstedt, 2007). Further, in prophase, the or-
ganelle loses its organization and fragments 
into large units that gradually are sectioned 
into smaller units, which during metaphase 
is called the Golgi Haze (Hiller and Weber, 
1982; Maul and Brinkley, 1970) and re-
viewed in (Colanzi and Corda, 2007; Lowe 
and Barr, 2007). The degree of fragmenta-
tion seems to vary between different types of 
cells and what kind of Golgi markers that is 
in use. In HeLa cells, Zaal et al., (1999) have 
shown a complete breakdown of the Golgi 
vesicles, followed by a total cytosolic disper-
sion of the Golgi markers (Zaal et al., 1999). 
However, another group used different Golgi 
markers in HeLa cells to show some degree 
of dispersion within cytosol, but most of the 
Golgi vesicles remained intact throughout 
cell division (Shima et al., 1998). The units 
do not move freely around in cytosol, and 
there are interactions with microtubule, dy-
nein and other microtubule dependent motors 
(Allan et al., 2002; Barr and Egerer, 2005). 
An ordered inheritance strategy has been 
suggested (Shima et al., 1998; Shima et al., 
1997). During telophase, the Golgi vesicles 
start to reassemble. The Golgi vesicles fuse 
and shortly after cytokinesis, a single copy 
cisternal organelle is formed in each daugh-
ter cell (Lucocq et al., 1989).
Endosomes and lysosomes
 Since lysosomes are multicopy or-
ganelles, Warren et. al (1996) proposed that 
the partitioning of lysosomes could be due to 
a stochastic mechanism (Warren and Wick-
ner, 1996). However, that was not based on 
empiric data and only the fact that lysosomes 
are present in the cell in multiple copies 
(Steinman et al., 1976). The organelle equiv-
alent to a lysosome in fungi is the vacuole, 
and in budding yeast it is shown that vacu-
oles are inherited by an ordered mechanism 
(Warren and Wickner, 1996; Weisman et al., 
1987). Nonetheless, vacuoles are present in 
yeast from one to ﬁve copies, and therefore 
not directly comparable to partitioning of 
lysosomes in mammalian cells.
 In some cells the distribution of en-
dosomes are highly regulated processes. 
One example is a subpopulation of apical 
endosomes in epithelial cells in the develop-
ing wing in Drosophila that associate with 
the mitotic spindle and concentrate at the 
midzone in mitosis. These early endosomes 
are positive for the adaptor protein Sara 
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(Smad anchor for receptor activation) that 
is a FYVE domain protein important in the 
signal transduction from the transforming 
growth factor-β (TGF-β) (Tsukazaki et al., 
1998). This ensures that the highly polarized 
Sara positive compartments are partitioned 
to each daughter cell in an equal manner 
(Bokel et al., 2006). One other example is 
the ﬁrst mitotic division of Caenorhabditis 
elegans. This ﬁrst division gives the larger 
anterior cell and the smaller posterior cell, 
and is asymmetric. Prior to division, the ear-
ly endosomes are evenly distributed in the 
cytosol, and during mitosis the early endo-
somes are enriched in the anterior cell. The 
signiﬁcance of this asymmetry is not known 
(Andrews and Ahringer, 2007).
Membrane trafﬁcking in 
mitosis
 The secretory transport is inhibited 
during mitosis, and newly synthesized pro-
teins do not reach the cell surface (Lucocq 
and Warren, 1987; Warren et al., 1983). The 
Golgi complex enzymes no longer process 
glycoproteins, and transport is arrested out 
of the ER (Figure 7A) (Featherstone et al., 
1985). In interphase, the transport vesicles 
out of the ER are produced by budding mech-
anisms driven by the coat proteins COPII out 
from ER exit sites (for a review see (Kirk 
and Ward, 2007)). Upon entry in mitosis, the 
COPII components Sec23, Sec24, Sec13 and 
Sec31 changes localization. From being con-
centrated at the ER exit sites in interphase 
they are more widely distributed during cell 
division (Farmaki et al., 1999; Hammond 
and Glick, 2000; Prescott et al., 2001). Sec24 
is also show to be de-O-glycosylated and 
phosphorylated in mitosis which can partly 
explain the arrest in ER to Golgi transport 
(Dudognon et al., 2004). 
 The mechanism of the retrograde 
transport from the Golgi to the ER during 
mitosis is currently under debate, so far the 
picture is not clear and there are two models 
(Figure 7B) (discussed in (Colanzi and Cor-
da, 2007)). In the ﬁrst model, it is proposed 
that the retrograde transport is continuous 
throughout mitosis. In 1999, Lippincott-
Schwartz and colleagues showed a continu-
ous Golgi to ER transport by using a Golgi 
resident protein GalTase-GFP and FRAP 
(Zaal et al., 1999). More recently, the same 
group has used an ER trapping assay based 
on the temperature sensitive mutant ts045-
VSVG protein, and this mutant unfolds and 
gets trapped in ER at 40°C. In interphase, the 
protein is located in the Golgi; however, at 
the end of mitosis and followed by a shift to 
40°C, the protein relocates to ER. Since the 
misfolding occurs in ER, these observations 
suggest an ongoing Golgi to ER transport in 
mitosis (Altan-Bonnet et al., 2006). Since 
there is an arrest in the ER to Golgi transport 
it is further suggested that Golgi actually is 
redistributed into ER (Altan-Bonnet et al., 
2006; Zaal et al., 1999). The redistribution 
is seen when markers of Golgi are dispersed 
throughout the mitotic cytoplasm, and a 
Golgi resident protein is also shown by EM 
to colocalize with mitotic ER (Thyberg and 
Moskalewski, 1992). In the second model, a 
different conclusion has come from anoth-
er ER trapping assay (Pecot and Malhotra, 
2004; Pecot and Malhotra, 2006). Rapamy-
cin, a small membrane permeant molecule, 
binds to the FK506 binding protein (FKBP) 
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(Wiederrecht et al., 1991). The FKBP-ra-
pamycin associated protein (FKRAP) binds 
the FKBP-rapamycin complex (Brown et al., 
1994; Sabatini et al., 1994). By fusing FKBP 
to a Golgi resident motif and FKRAP to an 
ER resident motif, FKBP will be trapped in 
ER by a retrograde transport in the presence 
of rapamycin, which happens in interphase. 
This was not found to be the case in mito-
sis leading to the conclusion that the Golgi 
membranes remain distinct and separate from 
the ER during mitosis (Pecot and Malhotra, 
2004). This is also supported in some earlier 
studies where the Golgi is shown to be sepa-
rate from the ER during mitosis (Jesch and 
Linstedt, 1998; Jokitalo et al., 2001; Lucocq 
and Warren, 1987). The contradictory results 
are based on varying cell types (all mamma-
lian) and expression systems, which can at 
least partly explain the conﬂicting conclu-
sions. However, more experiments need to 
be done before the biogenesis of the Golgi is 
ruled out. 
 At the entry of mitosis there is clearly 
an arrest in the secretion, and this has been 
shown in several papers (Hesketh et al., 
1984; Lucocq and Warren, 1987; Warren 
et al., 1983). However, it is not very clear 
if this is due to the arrested exit out of ER 
alone, or if there also is an inhibition in the 
trafﬁcking out of TGN (Figure 7C). In Xeno-
pus laevis, proteins are still glycosylated and 
processed as far as to the TGN, in mitosis, 
with an inhibition further out of TGN (Kanki 
and Newport, 1991). However, in mamma-
lian cells, exogenously added substrates for 
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Figure 7. Mitotic changes of membrane trafﬁcking
The broken arrows show interphase trafﬁcking routes that are inhibited in mitosis. The arrows with question 
mark show pathways where it is unclear what happens in mitosis, and published data is contradictory, both 
supporting an arrest and an unaffected trafﬁcking. PM, plasma membrane; EE, early endosomes; ER, endo-
plasmatic reticulum.
construction of glycosaminoglycans (GAGs) 
are transported to the Golgi complex where 
they are processed into GAG products and 
ﬁnally GAGs are secreted. This secretion is 
only minimally affected in mitosis, and al-
most at the same levels as the control cells 
that were in interphase (Kreiner and Moore, 
1990).
 For several decades scientists have 
suggested and shown by various means that 
endocytosis is down regulated or arrested in 
mitosis. In 1965, Fawcett studied binding of 
ferritin to cells by EM, and suggested that the 
invagination and separation from the plasma 
membrane to be temporarily suppressed in 
mitosis (Fawcett, 1965). Some years later 
the properties of phagocytosis, pinocyto-
sis and endocytosis was investigated in a 
macrophage cell line (J774) and in Chinese 
hamster ovary cells. Receptor mediated en-
docytosis of concavalin A and phagocytosis 
of IgG opsonized erythrocytes were mark-
edly reduced, and also ﬂuid phase uptake of 
horseradish peroxidase declined (Berlin and 
Oliver, 1980; Berlin et al., 1978). The uptake 
of ﬂuorescent dextran has also under some 
occasions shown to decline sharply dur-
ing mitosis (Berlin and Oliver, 1980; War-
ren et al., 1984). More recently it is shown 
that both clathrin and dynamin change their 
location and also function during mitosis. 
Clathrin is, in mitosis, found on kinetochore 
ﬁbers that are bundles of microtubules that 
connect the spindle pole to the kinetochore 
of chromosomes (Maro et al., 1985; Suther-
land et al., 2001). Knocking down clathrin 
heavy chain causes mitotic defects which 
includes misaligned chromosomes in meta-
phase and destabilization of the kinetochore 
ﬁbers (Royle et al., 2005). One isoform of 
dynamin, dynamin-2, which in interphase is 
involved in vesicle scission and actin reor-
ganization shifts its location to the midzone 
during telophase and is suggested to play 
a role in the cytokinesis (Thompson et al., 
2002). Dynamin-2 is also found at the cen-
trosomes and contributes to centromer cohe-
sion (Thompson et al., 2004). It is suggested 
that an arrest of clathrin mediated endocy-
tosis during mitosis might be the result of 
clathrin and dynamin being absorbed in a 
new task (discussed in (Royle, 2006)). EM 
studies have shown, however, that coated 
pits at all stages exists on mitotic cells and 
when compared to interphase cells there are 
more coated pits with a ﬂattened appearance 
which partly can explain the down regulated 
endocytosis during cell division (Pypaert et 
al., 1987). A candidate for the down-regu-
lated endocytosis is cdc2, which is shown to 
inhibit coated pit formation in permeabilized 
HeLa cells (Pypaert et al., 1991). A debate 
about the extent of endocytosis is currently 
going on, and Kirchhausen and colleagues 
have studied σ2, a subunit in the AP-2 com-
plex (Boucrot and Kirchhausen, 2007). When 
fused to GFP they show that σ2-GFP assem-
bles and disassembles on punctuate spots at 
the plasma membrane at all stages of the cell 
cycle, including mitosis. Contradictory to 
the earlier studies (Berlin and Oliver, 1980; 
Warren et al., 1984) they show that ﬂuores-
cent dextran is internalized, and they suggest 
that endocytosis is ongoing through mitosis 
(Boucrot and Kirchhausen, 2007). The con-
tribution from Kirchhausen shows that there 
might be differences between cell lines and 
experimental setup (Figure 7D).
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 In interphase, a eukaryotic cell is 
spread out on a substrate, and when it enters 
mitosis, it rounds up. The surface area per 
volume ratio is decreased with a minimal 
value in metaphase where the cell is almost 
spherical. During cytokinesis and formation 
of the cleavage furrow the membrane area 
increases once again (Ohnuma et al., 2006). 
There are some different ways a cell can ac-
commodate with these changes in cell area. 
EM studies have revealed an increase in the 
number of microvilli and rufﬂes on rounded 
up mitotic cells when compared to interphase 
cells, and it is suggested that this can explain 
the rounded up organization (Erickson and 
Trinkaus, 1976; Porter et al., 1973). Another 
way to accommodate with the reduced sur-
face to volume ratio in mitosis is to regulate 
the ratio between secretion and endocytosis. 
There seem to be an agreement among most 
scientists that the secretion is arrested in mi-
tosis (Kanki and Newport, 1991; Kreiner and 
Moore, 1990; Lowe and Barr, 2007; Lucocq 
and Warren, 1987; Warren et al., 1983). If 
endocytosis is also arrested, the surface to 
volume ratio will not be reduced, so if this is 
a way the cell handles the reduced area, the 
described arrest of endocytosis must occur 
after the blocked secretion, or it can be that 
endocytosis is continuous throughout mitosis 
as some suggests (Boucrot and Kirchhausen, 
2007). The plasma membrane has also been 
shown to be laterally ﬂexible, and it has also 
been shown that the plasma membrane in 
mitosis is stretched. By use of optical twee-
zers it is shown that the plasma membrane 
tension is higher when the cell is rounded up 
in mitosis, and this increased tension directly 
inhibits invagination and coated pit bud-
ding at the plasma membrane (Raucher and 
Sheetz, 1999). 
 The transferrin receptor (TfR) is 
internalized together with bound transfer-
rin via coated pits, and delivered to endo-
somes. The change in pH causes the iron to 
be released from transferrin. Apotransferrin 
bound to TfR is recycled back to the cell 
surface (Klausner et al., 1983). During cell 
division, the amount of TfR on the plasma 
membrane is decreased, and it accumulates 
in early endosomes. There is a block in the 
endosomal recycling and it is activated pri-
or to the suggested inhibition of endocyto-
sis (Figure 7E) (Sager et al., 1984; Warren 
et al., 1984), and the block is recovered in 
anaphase (Schweitzer et al., 2005). Quite re-
cently it was further shown that this inhib-
ited recycling gives less TfR on the plasma 
membrane, and the arrested uptake of TfR 
in mitosis was not the result of an arrested 
endocytosis but due to the lack of TfR in the 
plasma membrane (Boucrot and Kirchhaus-
en, 2007). A candidate for this inhibition of 
recycling is Rab4, which is phosphorylated 
by the mitotic kinase cdc2, and due to phos-
phorylated Rab4, changes its membrane to 
cytosol cycling and accumulates in cytosol 
(Ayad et al., 1997; Mohrmann et al., 2002; 
van der Sluijs et al., 1992). The recycling 
from early endosomes to the plasma mem-
brane is reactivated during cytokinesis and 
is probably an important contributor to the 
delivery of membrane in the cleavage furrow 
(Albertson et al., 2005; Baluska et al., 2006; 
Schweitzer et al., 2005). 
 An arrest in the early stages of the 
endocytic pathway is also shown in vitro 
where fusion of early endosomes is down 
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regulated in the presences of mitotic extracts 
from mammalian cells, Xenopus eggs and 
starﬁsh (Figure 7F). A candidate for the in-
hibited fusion is the mitotic kinase cdc2 that 
in vitro inhibits fusion of early endosomes 
(Tuomikoski et al., 1989; Woodman et al., 
1993; Woodman et al., 1992).
Photobleaching and pho-
toactivation
 The diversity of genetically encoded 
ﬂuorophores has increased since GFP was 
ﬁrst cloned in 1992 (Prasher et al., 1992). 
There are now a variety of GFP mutants 
spanning much of the visual spectrum (for 
a review see (Chudakov et al., 2005)). Us-
ing standard molecular biology techniques, 
a protein of interest can be linked to a ﬂuo-
rophore. Depending on fusion partner, this 
approach can be used to label subcellular or-
ganelles, cells of interest and speciﬁc tissue 
regions. This has opened up the possibility 
of in vivo studies of, for example, organelle 
dynamics and function, proteins expression 
and turnover, protein interaction, and cell 
motility. Chimeric ﬂuorescent proteins al-
low studies of dynamic events that range in 
duration from less than a second up to sev-
eral days.
Fluorescent recovery after photo-
bleaching
 Fluorescent recovery after photo-
bleaching (FRAP) is a technique where 
ﬂuorescent molecules are irreversibly pho-
tobleached in a deﬁned area in the cell by a 
high power focused laser beam (Figure 8A) 
(for comprehensive reviews see (Carrero et 
al., 2003; Lippincott-Schwartz and Patter-
son, 2003; Lippincott-Schwartz et al., 2001; 
Reits and Neefjes, 2001; Sprague and Mc-
Nally, 2005)). The movement of unbleached 
molecules from the surrounding areas and 
into the bleached area is measured by time-
lapse microscopy. By plotting the intensity 
in the bleached area over time one can get a 
FRAP recovery curve, and this is a way of 
measuring the kinetic properties of a mol-
ecule, for example, whether a proteins is 
immobilized, free to diffuse, or undergoes 
constant exchange between organelles and 
compartments. 
 To compare various experiments and 
various sets of data, the empirical collected 
values must be normalized and also corrected 
for general photobleaching that might occur 
during image acquisition. If the whole time 
lapse of images undergoes a general bleach-
ing that will have an effect on the recovery 
curve, and have to be corrected by using the 
ratio between the bleached region and one 
reference area (Pelkmans et al., 2001). The 
corrected and normalized values are given 
by
F (t)FRAP =
I ref (0)
I bleach(0)
x
I bleach(t)
I ref (t)
  (1)
where I
ref(0) is the total intensity in the ref-
erence region prior to bleaching, Ibleached(0) is 
the total intensity of the bleached area be-
fore bleaching, Ibleach(t) is the intensity of the 
bleached area over time, and I
ref(t) is the in-
tensity of the reference area over time.
 Two main parameters can be quanti-
ﬁed by FRAP: degree of recovery and speed 
of recovery (Reits and Neefjes, 2001). The 
mobile fraction gives the degree of recov-
ery and can be calculated by comparing the 
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ﬂuorescence in the bleached region after 
recovery (F
∞
) with the ﬂuorescence before 
bleaching (Fi) and just after bleaching (F0). 
The mobile fraction (MFFRAP) is given by
 MF FRAP = F∞ − F0( ) / Fi − F0( )  (2)
 If the ﬂuorescent intensity in the 
bleached region does not reach the initial in-
tensity, there will also be an immobile frac-
tion (IFFRAP). The size of the immobile frac-
tion will depend on the mobile fraction and 
is deﬁned as
IF FRAP = Fi − F∞( ) / Fi − F0( )  (3)
 The sizes of the mobile and the im-
mobile fractions can change in different set-
tings, for example when the ﬂuorescent pro-
tein are interacting with other molecules or 
membranes, and this can prevent or restrict 
the movement of the molecule. These re-
strictions can also have an effect of the other 
kinetic parameter, which is the speed of the 
recovery. This is a measurement on how fast 
the recovery of the mobile fraction occurs, 
and can be given as the diffusion coefﬁcient, 
D, (um2/second) (Cole et al., 1996; Nehls et 
al., 2000; Swaminathan et al., 1997), or the 
time where half of the recovered intensity 
Figure 8. Techniques for photobleaching and photoactivation
One region of the cell is bleached by FRAP, and ﬂuorescence measured before and after bleaching by time-
lapse microscopy and plotted over time. Measuring how fast and how many unbleached molecules that move 
from the surrounding area into the bleached region can give answers of the molecules kinetics, the IF, MF and 
T1/2 recovered intensity (a). Some ﬂuorochromes have the potential to be photoactivated, and by studying such 
activation within the cell one can ﬁnd how molecules move out from the activated region by calculating IF, 
MF and T1/2 of lost intensity (b). By FLIP one region of the cell is continuously bleached during time-lapse 
microscopy. The loss of ﬂuorescent intensity is measured in one region outside the bleached area, and can be 
plotted over time (c). IF, immobile fraction; MF, mobile fraction. Figure taken from (Lippincott-Schwartz and 
Patterson, 2003).
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has been reached (T1/2) (second) (Pelkmans 
et al., 2004; Raiborg et al., 2006). Compu-
tational methods can be used to calculate 
values both for D and T1/2. For calculations 
of T1/2 on single organelles the experimental 
data can be ﬁtted by non-linear regression to
F (t) = F0 + F∞ t /t1/ 2( )
1+ t /t1/ 2( )    (4)
, which assumes one diffusion coefﬁcient 
(Yguerabide et al., 1982). By such an ap-
proach, a mathematic model is constructed 
that describes the biophysical parameters as 
binding and release from a substrate, resi-
dence time on an organelle, turnover and 
mobility. Many important properties in the 
cell have been discovered by this method, 
like the dynamics of large molecules in cyto-
sol (Nikonov et al., 2002) and nucleus (Mc-
Nally et al., 2000; Phair and Misteli, 2000), 
the exchange rate of cytosolic coat proteins 
(Pelkmans et al., 2004; Presley et al., 2002; 
Raiborg et al., 2006; Wu et al., 2001), the 
diffusion coefﬁcient and residence time of 
proteins in the Golgi, organelle lumen, cyto-
sol, and plasma membrane (Cole et al., 1996; 
Dayel et al., 1999; Hirschberg et al., 1998; 
Nehls et al., 2000; Partikian et al., 1998).
Photoactivation
 Some GFP variants allow photoac-
tivation, such that they increase their ﬂuo-
rescence intensity after exposure of speciﬁc 
wavelengths of light (Chudakov et al., 2005; 
Lippincott-Schwartz and Patterson, 2008). 
The photoactivable version of GFP (PAGFP) 
gains a 100-fold increase in ﬂuorescence 
(with emission maximum at 517 nm) after 
exposure to light in the ultraviolet-to violet 
range (350-420 nm) (Patterson and Lippin-
cott-Schwartz, 2002). The movement of ac-
tivated molecules from one activated area 
and to the surroundings can be measured by 
time-lapse microscopy and plotted over time 
(Figure 8B). 
 The kinetic properties of molecules 
are measured both by FRAP and photoacti-
vation. By FRAP we measure the movement 
of unbleached molecules into a bleached 
region, and by photoactivation we can mea-
sure the movement of activated molecules 
out from an activated region (Lippincott-
Schwartz and Patterson, 2003). The kinetic 
parameters like IF, MF, and T1/2 can also be 
calculated from photoactivation. The em-
piric data are normalized and corrected for 
general photobleaching similar to formula 1, 
and given by
F (t)PA =
I ref (0)
I PA (0)
x
I PA (t)
I ref (t)
   (5)
where I
ref(0) is the total intensity in the refer-
ence region, IPA(0) is the total intensity in the 
photoactivated area after activation, IPA(t) is 
the intensity in the activated area over time, 
and I
ref(t) is the intensity in the reference re-
gion over time.
 By photoactivation, the mobile frac-
tion (MFPA) gives the degree of lost ﬂuores-
cent intensity in the activated region and is 
calculated by comparing the ﬂuorescence in 
the activated area before activation (Fi) and 
right after activation (F0) to the ﬂuorescent 
level where no further molecules leaves the 
area (F
∞
). MFPA is given by:
MF PA = F0 − F∞( ) / F0 − Fi( )   (6)
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If the value for F
∞
 is higher than Fi there will 
be an immobile fraction (IFPA), which is giv-
en by
IF PA = F∞ − Fi( ) / F0 − Fi( )   (7)
The t1/2 of lost intensity can, as for FRAP, be 
calculated by non-linear regression by equa-
tion 4.
Fluorescent loss in photobleaching
 Fluorescent loss in photobleaching 
(FLIP) is another method where loss of ﬂuo-
rescent signal is measured (Figure 8C). By 
FLIP, ﬂuorescence in one area of the cell is 
continuously bleached, and the ﬂuorescent 
intensity measured in a region of interest. 
If ﬂuorescent molecules can diffuse into the 
area that is bleached, loss off ﬂuorescence 
will occur. FLIP can be used for many pur-
poses, like to rule out continuity of membrane 
systems like ER (Cole et al., 1996; White and 
Stelzer, 1999), or diffusion and transport of 
both soluble and membrane bound proteins 
(Cole et al., 1996; Nehls et al., 2000; Subra-
manian and Meyer, 1997; Zaal et al., 1999). 
The measured loss of ﬂuorescence will much 
depend on the intensity of the bleaching la-
ser, and therefore it is a non-quantitative 
method, however, it can be a powerful tool to 
investigate transport or diffusion of proteins, 
and also if proteins are restricted to areas and 
do not diffuse (Lippincott-Schwartz et al., 
2001).
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Aims of the present study
In the endocytic pathway, there is a fast dynamic of lipids, cargo, membrane proteins and 
coat proteins. The whole pathway is in a ﬁne tuned equilibrium of interactive forces pro-
vided by these highly mobile components. A single change, such as a phosphorylation or 
ubiquitinylation event, down- or up-regulation of a kinase, might have the potential to shift 
this complex interplay, resulting in changes in membrane trafﬁcking, ﬁssion, fusion, sorting, 
and maturation.
During mitosis, the distribution of organelles into the two daughter cells is a process that is 
well studied for some organelles, but for others, like endosomes we do not know much. By 
the entry of mitosis the membrane trafﬁcking undergoes major reorganizations. The secre-
tion is known to be inhibited, and there is also a cessation in the endocytic pathway. Recy-
cling of components from endosomes and to the plasma membrane is inhibited, and cell free 
studies show that fusion of endocytic vesicles are arrested. 
We have studied the process of endocytosis in living cells by utilizing confocal microscopy, 
FRAP, FLIP, photoactivation and the use of both endogenous (GFP fusion proteins) and 
exogenous markers (uptake of ﬂuorescent probes). Techniques and conditions had to be de-
veloped to study in particular dividing cells, ﬂuorescent intensities of single organelles over 
time, and fusing endosomes, in order to reach the aims stated below:
Paper I: Study the stability of endosomes during cell division, how the copy number is 
maintained, and further determine the inheritance strategy of endosomes and lysosomes dur-
ing mitosis, in particular whether this is a stochastic or an ordered process. Finally, study 
how the number of endosomes increases in daughter cells, if this is by ﬁssion of inherited 
endosomes.
Paper II: Investigate the membrane-to-cytosol cycling of EEA1, and further describe the ki-
netic properties of the molecule in a fusion active state (interphase), and in a situation where 
fusion is down regulated (mitosis).
Paper III: Investigate in detail the fusion process of early endosomes, how the actual merge 
of membrane occurs, and further how the newly fused organelle operates in the cell.
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Synopsis of includ-
ed papers
Paper I. Mitotic partition-
ing of endosomes and lyso-
somes
 Since little was known about the fate 
endosomes and lysosomes in dividing cells 
this project started with morphological in-
vestigations of these organelles prior to, dur-
ing and after mitosis. We were able to study 
both early and late endosomes/lysosomes 
during cell division by video and confocal 
microscopy. Prior to mitosis, both early and 
late endosomes had a dispersed distribution 
throughout cytoplasm; however, right after 
cytokinesis both organelles accumulated at 
a juxtanuclear position. Judging from single 
confocal plane images, there seemed to be 
an extensive colocalization, and to study this 
in detail we decided to take 3D images of di-
viding cells. By this approach, we found no 
colocalization and we concluded that early 
and late endosomes are distinct entities in 
mitosis as they are in interphase. 
 Further, by tracking single endosomes 
we were able to show that both early and late 
endosomes had, right after cytokinesis, coor-
dinated movements toward the juxtanuclear 
position. This observation prompted us to 
investigate if there might be an order in the 
distribution of early and late endosomes into 
the newly formed daughter cells. We started 
by counting the number of endosomes in the 
mother cell and studied how these ended up 
in the two daughter cells. This partitioning 
was compared to a random binomial distri-
bution, and we found that there were no strict 
mechanisms in the partitioning process. Fur-
ther, since other members of the endomem-
brane system, like the ER and the Golgi, are 
reported to fragment and vesiculate during 
mitosis our ﬁnal experiment in this project 
was to investigate if this also happens for en-
dosomes. Endosomes are small in size and a 
possible fragmentation would not be visible 
in a light microscope. We decided therefore 
to enlarge the endosomes by overexpres-
sion of CD74 (see Methodological Consid-
erations). This approach allowed us to study 
single endosomes in more details, and we 
found no fragmentation during division. 
 In summary, early and late endosomes 
are stable structures in mitosis. The coordi-
nated movements of endosomes suggest an 
order in the distribution of endosomes, the 
partitioning is however imprecise. Further, 
an interesting observation during this project 
was the shift of EEA1-GFP from membrane 
bound locations to a more cytosolic distribu-
tion. This led us to the suggestion that there 
might be a mitotic shift in the membrane to 
cytosol cycling of EEA1, and this we have 
addressed in PAPER II. 
Paper II. Cell cycle depen-
dent binding kinetics for 
the early endosomal teth-
ering factor EEA1
 To study the membrane to cytosol 
cycling of EEA1 we used FRAP and photo-
activation of EEA1 fused to GFP or PAGFP. 
We wished to examine single organelles, and 
normal size organelles are too small to be 
studied in detail by light microscopy. There-
fore, we transfected our cells with CD74, 
which induce the formation of enlarged en-
dosomes. By FRAP we found that EEA1 
rapidly cycles on/off the membrane, and by 
photoactivation we found that EEA1 rapidly 
dissociates from the membrane and back to 
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cytosol. We were actually able to determine 
that it is the dissociation of EEA1 that is the 
regulating step in the on/off cycling. 
 Further, we found that there were 
two fractions of EEA1 on the membrane of 
early endosomes, one rapidly cycling on/off 
membranes and another fraction that was 
more resident. The speed of dissociation 
and the size of the resident fraction were not 
constant. In mitosis where fusion is down 
regulated, we found an accelerated dissocia-
tion and a reduced resident fraction of EEA1 
when compared to cells in interphase. On the 
contrary, when we promoted fusion by over-
expression of Rab5 we found a retarded dis-
sociation and an increased resident fraction. 
EEA1 is present on a fusion active and a fu-
sion inactive state. The capacity for tether-
ing seems to be regulated by the dissociation 
kinetics for EEA1.
Paper III. Endosomal fu-
sion stimulates tubular 
ﬁssion
 Our major goal was to study fusion 
of early endosomes in detail, and further in-
vestigate how the early endosomes handled 
the access of membrane following a homo-
typic fusion. By studying docking zones of 
adjacent enlarged early endosomes with rap-
id 3D time-lapse microscopy, we found that 
the fusion pore originated from one single 
spot in the centre of the docking zone, and it 
expanded by a radial growth. Further within 
the docking zone we found a shift in the on/
off cycling of EEA1. The residence time of 
EEA1-GFP increased within the contact zone 
when compared to a control area outside this 
zone. We speculate if this could be a result of 
EEA1 acting as a tethering molecule. 
 Right after the fusion we found ex-
tensive tabulations and ﬁssion, and this was 
regulated both by interactions with microtu-
bule and actin. When we incubated the cells 
with the microtubule-depolymerizing agent, 
nocodazole, we found no tubulation after fu-
sion. Instead we found inward budding and 
internal membrane structures. We also found 
an increase of fusion and a growth in size of 
the already enlarged early endosomes as well 
as normal size endosomes. The results were 
quite distinct when we inhibited actin polym-
erization in the cell by adding latrunculin A. 
Now we found tubulations following fusion; 
however, the emerging speed of the tubules 
was twice the speed when compared to cells 
with actin. 
 We conclude that the membrane area/
volume ratio may be preserved after fusion 
by tubulation and ﬁssion under strict control 
of the cytoskeleton. We further suggest that 
fusion itself might be an important regulator 
for membrane ﬁssion.
Discussion
 In this thesis we have investigated 
the fate of endosomes through fusion and the 
fate of the endocytic pathway through cell 
cycle. We have specially focused how the 
temporal distribution of EEA1 changes in 
various settings. This discussion will involve 
how EEA1 is recruited to early endosomes 
and how it functions as a tethering molecule 
prior to SNARE function and fusion. The 
discussion will also include how cytoskeletal 
elements play a role on the positioning and 
morphology of endosomes and lysosomes.
The membrane to cytosol 
cycling of EEA1 is not con-
stant
 In all the papers presented in this the-
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sis (PAPER I, II and III) we show that the 
fraction of EEA1 that is interacting with the 
membrane of early endosomes is not con-
stant. The equilibrium between the cytosolic 
pool and the membrane bound pool shifts, 
during cell cycle. In PAPER I we show re-
location toward cytosol of EEA1-GFP in 
mitosis. This relocation was further investi-
gated in PAPER II where we discovered two 
changes in the distribution. First, we found 
that there were two fractions of EEA1-GFP 
on the endosomal membranes, one mobile 
fraction and another fraction that was more 
residently bound to the membrane. When we 
investigated this resident fraction in detail we 
discovered that it actually had some degree 
of exchange. We named the fraction immo-
bile, which can be misleading, however, the 
exchange half-life for the immobile fraction 
was 20 times longer as for the mobile frac-
tion, and immobile is also the term used by 
others (Lippincott-Schwartz and Patterson, 
2003; Lippincott-Schwartz et al., 2001).
 In metaphase the immobile fractions 
were signiﬁcantly reduced in all our experi-
ments. We found also that speed of exchange 
for EEA1-GFP increased in mitosis. Both 
these changes depend on the ability of EEA1 
to interact with Rab5 and PtdIns3P (PAPER 
II). Further, in interphase, we showed that 
the on/off kinetics of EEA1 also depends on 
interacting endosomes (PAPER III). The on/
off kinetics of EEA1 is very sensitive to the 
number of interacting partners that are avail-
able. This we suggest to be mechanisms to 
control the action of this protein (see below, 
discussed in PAPER II and III). 
Membrane-to-cytosol cy-
cling of EEA1 is regulated 
through interactions with 
Rab5 and PtdIns3P
 Both Rab5 and PtdIns3P must be 
present on the endosome membrane to re-
cruit EEA1, and in PAPER II we show that 
Rab5 and PtdIns3P also have an effect on the 
variations in kinetics for EEA1. By using 
one PtdIns3P speciﬁc probe 2xFYVE-GFP 
and FRAP on single enlarged organelles we 
show that an elevated level of the GTPase 
defective Rab5Q79L (Rab5-GTP) causes a 
shift in the on/off cycling of 2xFYVE-GFP, 
where both the immobile fractions and the 
t1/2 intensities increase upon Rab5-GTP 
expression. We explain this observation to 
be the consequence of more PtdIns3P pres-
ent. These data also suggest that Rab5 reg-
ulates the on/off kinetics of EEA1 through 
its FYVE domain by controlling the level 
of PtdIns3P. In addition of being a direct ef-
fector of Rab5, EEA1 is also recruited to the 
membrane indirectly by kinase activity of 
the Rab5 effector VPS34/p150 and produc-
tion of PtdIns3P. However, the differences in 
kinetics are more pronounce for EEA1-GFP 
than for 2xFYVE-GFP upon expression of 
Rab5-GTP. Therefore we conclude in PA-
PER II that the direct interactions between 
the Rab5 and EEA1 are dominant, whereas 
interactions both by Rab5 and PtdIns3P are 
required, as others also have reported (Mills 
et al., 1998; Mills et al., 2001; Patki et al., 
1997; Simonsen et al., 1998).
 The machinery that controls the level 
of Rab5 and PtdIns3P on the membrane of 
endosomes is highly complex. Therefore, 
the observed mitotic shift toward cytosol 
(PAPER I) and the measured mitotic shift in 
on/off kinetics (PAPER II) for EEA1-GFP/
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PAGFP can be the result of many events. In 
PAPER II, we show a reduction in the lev-
el of PtdIns3P in metaphase cells, and this 
we also show to be the result of the mitot-
ic shift we observe in the on/off kinetic for 
2xFYVE-GFP. However, the mitotic shift 
in kinetics for EEA1-GFP is more distinct 
than for 2xFYVE-GFP, therefore other fac-
tors must be involved, and there are many 
possible scenarios. It is reported that Rab5 
is mitotically phosphorylated (Chiariello et 
al., 1999), and a phosphorylated Rab5 might 
interfere with the Rab5-EEA1 interaction. It 
is also reported that EEA1 is phosphorylated 
(thr-1392) by a MAP kinase (Mace et al., 
2005), and there might be a possibility that 
the mitotic changes in kinetics for EEA1 are 
caused by levels of phosphorylation of EEA1 
itself. Finally, a mitotic shift in kinetics for 
EEA1 could also be due to changes in the 
activity for the Rab5-GEFs, -GAPs, -GDIs, 
or -GDFs. A shift in activity level for these 
proteins might cause a change in the amount 
of active Rab5 on the membrane of early en-
dosomes. The membrane-to-cytosol cycling 
of EEA1 seem to be the result of a ﬁne tuned 
interaction of many factors, and the mitotic 
shift could be due to one or several changes 
in this network.
EEA1 and fusion
 The SNAREs facilitate a crucial step 
for fusion. This was elegantly proved some 
years ago, where ﬂipped SNAREs caused 
cell fusion (Hu et al., 2003). By ﬂipping the 
SNAREs, Rothman and colleagues showed 
that fusion of membranes was possible with-
out the upstream factors like the tethering 
proteins. However, in a normal cell without 
ﬂipped SNAREs, EEA1 plays an important 
role for the speciﬁcity of which membranes 
that are brought in close proximity to poten-
tiate the formation of trans-SNARE com-
plexes (Reviewed in (Zerial and McBride, 
2001)).
 In this thesis we have investigated 
kinetics of EEA1 in systems where we from 
literature know fusion is up- or down-regu-
lated (PAPER II), and shown that between 
these systems the EEA1 kinetics is highly 
variable. On the one hand, when fusion is 
promoted by Rab5 expression, the immo-
bile fraction is high and the half-life of the 
mobile fraction is slow. On the other hand, 
when fusion is down regulated in mitosis, 
the immobile fraction is low and the half-life 
of the mobile fraction is fast. These shifts, 
both for the stable fraction and also the ex-
change half-life, we suggest to be important 
for recruitment and activation of the down-
stream proteins as Syn13 and formation of 
trans-SNARE complex (McBride et al., 
1999). In metaphase, where most of EEA1 
is rapidly cycling on/off membranes we sug-
gest few molecules to facilitate tethering and 
the result is little formation of trans-SNARE 
complexes. In interphase, upon Rab5wt or 
Rab5-GTP expression, where we ﬁnd a large 
immobile fraction and a more slow exchange 
of the mobile fraction, more trans-SNARE 
complexes may be formed and here the out-
comes are more fusion (PAPER II), as also 
reported by others (Gorvel et al., 1991; Li et 
al., 1995; Simonsen et al., 1998; Stenmark et 
al., 1994). Therefore, the on/off kinetics for 
EEA1 we suggest to control fusion of early 
endosomes.
 In PAPER II the kinetics of EEA1 was 
investigated on single organelles. In PAPER 
III we decided to study EEA1 in more de-
tail in the contact zone between two vesicles, 
which is the place where EEA1 carry out its 
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action. To investigate the contact zone we 
used two versions of EEA1, one short ver-
sion that contains the C-terminal FYVE do-
mains and Rab5 interactions sites (CtEEA1), 
and the full-length version (EEA1). CtEEA1 
does not contain the coiled-coil domain, 
which is important for dimerization, and 
therefore most likely present as a monomer 
in the cell. It does not contain the N-terminal 
Rab5 interaction motif, and therefore it does 
not provide any tethering itself, and will pri-
marily function as a reporter for membranes 
positive of Rab5 and PtdIns3P. The full-
length version contains both the coiled-coil 
region and the N-terminal interaction motif 
for Rab5. Our data from PAPER II support 
that EEA1 operates as a parallel dimer also 
when fused to GFP. 
 The kinetic for both CtEEA1 and 
EEA1 varies in PAPER II and III, and this is 
due to the experimental set-ups. In PAPER 
II we measure the kinetics on one whole en-
dosome, and in PAPER III we measure the 
kinetics on one region on one endosome. In 
PAPER II we measure on/off cycling only, 
whereas in PAPER III we measure on/off cy-
cling together with lateral diffusion. Both Ct-
EEA1 and EEA1 were highly mobile outside 
the contact region, and in PAPER III both 
molecules experienced a complete recovery 
most likely due to lateral diffusion. The situ-
ations were different within the contact re-
gion where EEA1 was more strictly bound 
compared to CtEEA1 (PAPER III). Most of 
EEA1 was also exchanged with the cytosolic 
pool also within the contact region, however, 
one fraction was stable, and this could be due 
to the bipolar interactions for EEA1, where 
the C-terminus interacts with one vesicle 
and the N-terminus with the other adjacent 
vesicle. We speculate if this is the actual teth-
ering provided by EEA1 that promote forma-
tion of the trans-SNARE complex that leads 
to fusion.
Cytoskeletal interactions 
on endosomes
 The positioning of endocytic organ-
elles seems to be regulated by the sum of 
forces provided by the variety of interactions 
with the microtubule (Soldati and Schliwa, 
2006). The pulling strength can be decided 
by the number of motor proteins, but also 
on their level of activation, like phosphory-
lated dynein which is shown to negatively 
regulate the capacity of microtubule binding 
(Vaughan et al., 2002). In PAPER I, we show 
coordinated movements toward a juxtanu-
clear position of both early endosomes and 
late endocytic compartments at late stages 
of mitosis, in line with earlier reports (Dun-
ster et al., 2002; Kaplan et al., 1992; Zeligs 
and Wollman, 1979) where a clustering of 
endosomes at the mitotic spindle and poles 
was shown. Since we see a movement to-
ward MTOC, it is possible that we have an 
activation of dynein, or a down regulation 
of minus-end directed kinesins. It is shown, 
upon insulin treatment of cell, that the activ-
ity level of dynein is controlled by its level 
of phosphorylation, however, this was not 
investigated in mitosis (Huang et al., 2001). 
It is also possible that relocation is caused 
by mitotic changes in the activity of Rab 
proteins. The mitotic phosphorylation and 
distribution to cytosol for Rab4 (Ayad et al., 
1997; van der Sluijs et al., 1992) can explain 
the loss of exocytic activity through KIF3B. 
The recruitment of KIF16B to the membrane 
depends on Rab5 activity through VPS34/
p150. The decrease in the amount of PtdIn-
s3P in mitosis (PAPER II) could cause less 
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KIF16B to be recruited, and this, with an un-
changed dynein/dynactin activity, could ex-
plain the relocation of the early endosomes 
toward MTOC. However, this picture is not 
completely clear, since Rab5 and VPS34/
p150 also regulate minus end directed move-
ments of endosomes, and both dynein and 
kinesin are found on these organelles (Lou-
bery et al., 2008; Nielsen et al., 1999).
 We show in PAPER III that tubule 
formation after early endosome fusion is de-
pendent on interaction with both actin and 
microtubule. The formation of tubules was 
completely reliant on microtubules since 
no tubules were present after nocodazole 
treatment. Actin had a regulatory role on 
the emerging speed of the tubules, since the 
speed increased after lantruncullin A treat-
ment. In mammalian cells, most of the long 
range directed movements out of early endo-
somes are reported to occur through interac-
tions with the microtubules, and both dyneins 
and kinesins are present on early endosomes 
(Soldati and Schliwa, 2006). Both classes of 
microtubule motors could form the tubules 
we study in PAPER III. The tubules were 
positive of EEA1 and therefore also likely 
to be positive of both Rab5 and PtdIns3P. 
The kinesin KIF16B also binds PtdIns3P and 
therefore is a potent candidate responsible for 
the tubulation. However, there are also other 
candidates: for example, Rab5 was reported 
to interact directly with the dynein/dynactin 
complex, and the level of active GTP bound 
Rab5 is a regulator both for cargo interaction 
and also for minus-end direction (Huang et 
al., 2001). 
 One general view is that actin me-
diated transport is important in the earliest 
stages of the endocytic pathway, span from 
the plasma membrane and down through the 
actin network underneath the plasma mem-
brane. However, there is now growing evi-
dence that actin might play several roles in 
vesicular motility many places in the endo-
cytic pathway, on early endosomes, late en-
dosomes and lysosomes (for a recent review 
see (Girao et al., 2008)). Both myosins and 
also components important for actin nucle-
ation, like the Apr2/3 complex, are found on 
early endosomes (Llado et al., 2008). The 
contributions from Myosin-I and VI are re-
ported to play a role in the recycling from 
early endosomes back to the plasma mem-
brane (Chibalina et al., 2007; Raposo et al., 
1999). We do not know if the observed tu-
bules we observe in PAPER III contain ele-
ments that are interacting with actin; howev-
er it is likely to be the case, since we observe 
an increased emerging speed on the tubules 
in the presence of latrunculin A.
Methodological 
considerations
Enlarged endocytic struc-
tures
 In this thesis I have enlarged early and 
late endosomes in three different ways, by 
overexpression of the CD74 (isoform p33), 
Rab5 wild type (wt) or Rab5-GTP, and the 
mechanisms behind these enlargements dif-
fer. CD74 is a type II transmembrane glyco-
protein that has several important functions 
in antigen presentation. In ER, CD74 trimers 
associate with MHC class II molecules, and 
the complex is sorted to the endocytic path-
way where they meet endocytosed antigens 
(for reviews see (Germain, 1994; Nordeng et 
al., 1998)). CD74 gradually degrades from 
the luminal side, however, the transmem-
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brane and cytosolic part of the molecule is 
more stable (Amigorena et al., 1995). Upon 
expression at high levels, CD74 is reported 
to accumulate in enlarge endosomal com-
partments and also cause a delayed endo-
cytic transport (Gorvel et al., 1995; Pieters et 
al., 1993; Romagnoli et al., 1993). Morpho-
logical studies on these enlarged structures 
have revealed similarities to both early and 
late endosomes (Stang and Bakke, 1997). To 
make enlarged endocytic structures, CD74 
has to trimerize and contain the 30 amino 
acid N-terminal cytosolic tail (Claesson and 
Peterson, 1983; Gedde-Dahl et al., 1997; 
Koch et al., 1987b; Lipp et al., 1987). It has 
been shown in vitro that the cytosolic tail of 
CD74 can cause fusion, and it is suggested 
that the tails of CD74 on adjacent endosomes 
can interact and dock the endosomes (Nor-
deng et al., 2002). 
 Overexpression of both the Rab5-
GTP, and Rab5wt has been found to increase 
the recruitment of EEA1 on early endo-
somes. This is further suggested to give an 
increase in the tethering provided by EEA1 
and consequently an enhanced fusion of 
early endosomes (Gorvel et al., 1991; Li et 
al., 1995; Simonsen et al., 1998; Stenmark 
et al., 1994) (See discussion and PAPER II). 
Some years ago it was thoroughly investigat-
ed if the enlargement from CD74 expression 
was independent from Rab5 and visa versa 
(Nordeng et al., 2002). First, cells have been 
double-transfected cells with CD74 and a 
dominant negative Rab5 mutant (Rab5S34N) 
that has been found to inhibit endosome 
fusion and to result in smaller endosomes. 
When co-expressed with CD74, enlarged 
endosomes were still formed. Second, cells 
have been double-transfected with Rab5-
GTP and CD74D6R, a mutant not capable of 
forming enlarged endosomes. The expres-
sion of CD74D6R did not inhibit formation of 
enlarged endosomes. Third, the formation 
of large endosomes by CD74 was not sensi-
tive to wortmannin, which indicates that the 
CD74 mediated fusion, was not dependent 
in PI3-kinase activity. Thus, we can be quite 
conﬁdent that the enlargement of endosomes 
through Rab5 and CD74 are independent 
processes
Figure 9. Simultaneous light stimulation and imaging
Illustration of how varying locations of a stimulated area can result in different delays between stimulation and 
scanning of the stimulated area. Blue area indicates start and end of stimulation. The circular enclosed areas in-
dicate two examples where the stimulating light can be exposed. Figure taken from (Bergeland et al., 2006).
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Live microscopy
 Most of the microscopy in this thesis 
was done on living cells, and it is very im-
portant that the conditions on the microscope 
table are as good as possible for the cells. 
There are several aspects to have in mind, 
and these are important to take into consid-
eration before every experiment since we do 
not want to study stressed or dying cells. The 
growth medium for microscopy does not 
contain a pH-indicator, therefore it is impor-
tant to check the pH in the microscopy me-
dium to verify that it is at a neutral pH. It is 
always important to minimize the amount of 
light into the microscope to prevent photo-
toxicity. The optimal growth temperature for 
MDCK II used in this study is 37°C. To ob-
tain a stable temperature is important for the 
intracellular events that we study, especially 
rapid on/off cycling of EEA1, where control 
FRAP experiments showed statistical sig-
niﬁcant differences in the on/off cycling of 
EEA1 at 22°C when compared to 37°C (un-
published data (T.Bergeland)).
Simultaneous light stimu-
lation and imaging
 We used a confocal system with a 
proprietary SIM-scanner (simultaneous light 
stimulation and imaging) to simultaneously 
stimulate (bleach/photoactivate) and image 
(FRAP, photoactivation, and FLIP). Using 
this setup, one can use an independent laser 
for light stimulation while recording images 
with the main scanner (Figure 9). Structures 
of interest can be selected and stimulated 
during scanning, something that facilitate ac-
curate measurements immediately after scan-
ning (Bergeland et al., 2006). There are some 
important aspects to have in mind when mea-
suring rapid kinetics after stimulation. First, 
it is important to have no pixel saturation. 
In the FRAP experiments, this is especially 
important and relevant when ﬁnding the ini-
tial pre-bleach intensity of the structures that 
will become bleached. In the photoctivating 
experiments, it is important not to get satura-
tion in the activated area. The calculations of 
the kinetic parameters are all based on ﬂuo-
rescent signals and saturations might cause 
incorrect immobile fractions and t1/2 intensi-
ties. Second, it is essential to know the exact 
interval between stimulation and measure-
ment. If a stimulated area appears late in the 
frame, it will be a longer delay compared to 
an area early in the frame. The location of 
the stimulated region within the image will 
usually vary for each experiment, resulting 
in different delays between stimulation and 
start of measurement. The exposure of the 
stimulating laser can be controlled on a mil-
lisecond level, and the images acquired us-
ing the main scanner also have a millisecond 
precision. Therefore, it is possible to make 
repetitive setup in one line of experiments.
Conclusions and fu-
ture perspectives
 Many scientists are fascinated about 
the dynamics of membranes and proteins in 
the endomembrane system. As a researcher 
I would say it is satisfying to observe how 
vesicles move within the cell, how organ-
elles fuse, how they develop, and how they 
divide. By just observing these multitudes 
of events by my own eyes, it reminds me 
that one single cell is very complex, and the 
proteins I have studied so far will only give 
fractions of answers in how membrane traf-
ﬁcking is regulated. The work presented in 
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this thesis gives some important insights into 
the biogenesis in the endocytic pathway, and 
how the ﬂux of membrane within this system 
is regulated. It also leaves some interesting 
unanswered and open questions. 
 The deﬁnition of organelles has, in 
general, been based on the presence of spe-
ciﬁc organelle markers. Rab5 and EEA1 are 
widely accepted as early endosomal markers. 
Our work, however, shows that the simple 
presence of a speciﬁc marker on an organelle 
does not necessarily indicate its function as 
the binding kinetics may also be determining 
such function. This is an important ﬁnding, 
and one interesting question is whether this 
is a general mechanism. Several promising 
proteins emerge as candidates for further 
testing. Rab proteins are key regulators of 
trafﬁcking, and in the endocytic pathway the 
most studied proteins are Rab4, Rab5, Rab7 
and Rab11. It will be interesting to test if 
these proteins have a similar behavior pat-
tern as EEA1. Other potentially attractive 
candidates are the lipid binding PX- and 
FYVE-domain proteins.
 Many infectious bacteria have 
evolved into niches within organelles where 
they can control the cell in various ways to 
make a suitable environment for replication. 
On the one hand, Salmonella enterica have 
their replication niche in vacuoles similar 
to late endosomes that contain Rab7, Vacu-
olar ATPase, Lamp and Limp proteins but 
little M6PR or acidic hydrolases like Cathe-
psin D (Haraga et al., 2008). On the other 
hand, Brucella has their replication niche in 
vacuoles similar to ER (Starr et al., 2008). 
At early stages of infection both Salmonella- 
and Brucella- containing vacuoles are posi-
tive for EEA1 (Bujny et al., 2008; Pei et al., 
2008), and it would be very interesting to 
investigate if these different ways of sorting 
have any effect on the kinetics on the many 
coat proteins in the endocytic pathway.
 One cell can undergo many different 
states of activity that cause changes in mem-
brane trafﬁcking. For example, when a cell 
differentiates from a non-polarized to a polar-
ized state, there is a segregation of the endo-
cytic system that involves an apical and baso-
lateral sorting as well as transcytosis (Perret 
et al., 2005). One other example is stimula-
tion of the endocytic pathway through EGF 
treatment where endocytosis is increased 
and also the sorting into the endosomal inter-
nal structures (Gaborik and Hunyady, 2004). 
We have here shown that the kinetic proper-
ties of EEA1 depend on the cells stage in the 
cell cycle, mitosis. However, the changes in 
trafﬁcking that are reported both in polarized 
cells and during EGF treatment could have 
effects on the membrane-to-cytosol cycling 
of many cytosolic coat proteins. There are 
many potential interesting candidates and at 
the plasma membrane it would be interest-
ing to test the many components involved 
in CME like subunits of the AP-2 complex. 
On endosomes it would be interesting to 
measure the kinetics for Rab4, Rab5, Rab7, 
Rab11. It would also be interesting to inves-
tigate the machinery responsible for sorting 
components into internal luminal structures.
 In this thesis we have shown that in-
teractions with the cytoskeleton are impor-
tant for regulation of the size of endosomes, 
where the presence of microtubule is crucial 
in exit of membrane after fusion through for-
mation of tubules that lead to ﬁssion. The 
next step in this project is to identify the spe-
ciﬁc motor proteins that are involved in this 
process. One approach is to knock out spe-
ciﬁc motor proteins that have a function in 
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the endocytic pathway, like KAP-3 which in 
a subunit in Kinesin-2 (Young et al., 2005). 
Another approach is to overexpress dynami-
tin (p50) subunit of the dynactin complex. 
This overexpression inhibits the action of the 
dynein/dynactin complex (Burkhardt et al., 
1997).
 Interaction between the cytoskeleton 
and endocytic organelles we suggest also to 
be important when the organelles are clus-
tered by directional movements toward the 
newly formed daughter cells at late stages of 
mitosis. Approximately half of the endocytic 
organelles from the mother cell are deliv-
ered to each daughter cell, and we conclude 
that the partitioning is ordered, however, 
imprecise. One interesting aspect to further 
investigate in this project would be to study 
the newly divided endocytic structures lon-
ger in the daughter cells, until the next cell 
division. The concept of using a GFP fused 
marker that is biosynthetically produced to-
gether with a chased ﬂuorescent probe will 
be powerful. On the one hand, the ﬂuores-
cent probe will give the portion of the mater-
nal, inherited structures. On the other hand, 
the GFP fused markers will give answers on 
the biosynthesis of newly formed organelles. 
This approach has the potential to give new 
reﬂections and answers on the biogenesis of 
endocytic structures.
 The knowledge of endocytic traf-
ﬁcking and mitosis is important for under-
standing many events in the cell, and further, 
this knowledge is vital for understanding 
the human body, infections and also some-
times diseases. When one cell divides into 
two daughter cells many processes are acti-
vated, but many other processes are arrested 
or down regulated. The switches that occur 
in dividing cells can give important clues on 
how proteins operate and function. We have 
investigated the endocytic pathway both in 
interphase and mitosis, and we have spe-
ciﬁcally focused on EEA1-positive compart-
ments. We have found that the function of 
EEA1 depend on the membrane to cytosol 
cycling, and we speculate if this is a general 
mechanism the cell uses to regulate the ac-
tion of cytosolic proteins. Many more pro-
teins have to be tested both through inter-
phase and mitosis, and that can give clues in 
how the trafﬁcking and organelle biogenesis 
occur in the endocytic pathway.
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